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Introduction

* Deep oceans expand the parameter space of possible
ocean properties
* A broad range of P, T, and undetermined composition

* Ocean and ice composition affect thermal properties,
melting points.

* These are being explored in the lab

* This will be important as new spacecraft
measurements improve constraints on

e composition, heat flow, density structure, etc...
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Temperature
Pressure
\Water:rock ratio

GEOCHEMISTRY

Fate of antifreezes
Fate of radionuclides
Fluid density & viscosity
Heat of hydration reaction
Physical properties of rock

GEOPHYSICS

Neveu, Desch, and Castillo-Rogez 2017



Geophysical Investigations of Habitability in Ice-Covered
Ocean Worlds

Steven D. Vance'' "', Mark P. Panning'""’, Simon Stéahler?>3 ", Fabio Cammarano*' "', Bruce G. Bills’,

Gabriel Tobie>®" "', Shunichi Kamata’' ', Sharon Kedar', Christophe Sotin', William T. Pike®
Ralph Lorenz®'"’', Hsin-Hua Huang'®''""’, Jennifer M. Jackson'®, and Bruce Banerdt’

’

conductive, k=D/T > T( ):T:/sz(}—z/zb
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Callisto
Vance et al. 2018; also Vance et al. 2014



Equations of State
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Gibbs Enel‘gy Derivatives J Michael Brown

G is solution of an ODE

Volume  (1/Density) V =dG/dP
Measure These —————————

Specific Heat (constant pressure) -Co/T
Predict These

Chemical Potential n

Thermal Expansivity o

Sound Speed u?

Gibbs energy at high pressure is determined from sound speeds vs P, T, and m



Speeds of sound in Na-Mg-C

Local basis functions*

-50,-NH; brines
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Exploring materia
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Olivier Bollengier, Mineral Physics Lab, UW Seattle
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Speed of sound: the Na-Mg-C|-SO, brines
The Na-Mg-CI-SO, brines

SCARCE LITERATURE

e all salts to 100 MPa [Chen et al. 1977]

e MgSO, to 700 MPa @ 0.25% [Vance and Brown 2013]
e 1 mNa,SO, to 3 GPa @ 2% [Mantegazzi et al. 2012]

e 1,3 m NaClto 4.5 GPa @ 2% [Mantegazzi et al. 2013]

UW BRINES DATABASE

e NaCl, NaSO,, MgSO,, MgCl, @ 0.02%
e 0.1-700 MPa, 250-350 K

1/3, 1, 3 molal (+ 5 molal for Cl brines) ...
19 samples, 3300 sound speeds
self-consistent pure water

data collection recently completed




New JPL High-Pressure Facility

based on the UW simulator for icy world interiors (SIWI)

Pressure Vessel
Harwood Engineering
SK-1544-C, 200 ksi

Hand Pump
Newport Scientific
46-12180-1, 40 ksi

X10 Pressure Intensifier
Harwood Engineering
B2.5, 100 ksi

10 ksi Gauge
Mcmaster carr
4053K18

Dead Volume Piston position

Indicator
Mcmaster carr
1201K12

100,000 psi operating pressure

Optical Absorption Cell
Newport Scientific
41-11552, 100 ksi

Pressure Transducers
Omega Engineering
PX91P0-200KSI, 200 ksi

e (

Pressure Safety Head
High Pressure Co. (HIP)
60-61HM4, 60 ksi,

11,500 psi rapture disk

plus 6% and minus 3% tolerance

ST



Speed of sound: the Na-Mg-CI-SO,-NH; brines

A high-pressure apparatus to measure sound speeds

@ end closure / buffer rod sample end deflector
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2 g (inside the tank), and the ultrasonic
— transducer (outside the tank). The

bellows adapt to change of sample
] volume (compressibility, expansivity)
while keeping the sample pristine.

Insulated high-pressure tank Maximum pressure: 800 MPa (Ti alloy).



Speed of sound: the Na-Mg-C|-SO, brines

Sound speed measurements
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Sound speed, dev. IAPWS (%)

Sound speed, dev. IAPWS (%)

Speed of sound: the Na-Mg-C|-SO, brines

The pure water dataset
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Speed of sound: the Na-Mg-C|-SO, brines

Examples of planetary science applications

Ice Ih liquidus Solubility of NaCl(s)
275 T r : 7r
Pure water chemical potential model from P = 700 MPa
[Choukroun and Grasset, 2007, 2010]
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Optical anvil cells: the H,0-CO, system
Exploring phase diagram using optical anvil cells

Allen screw

Upper plate
‘\1l" Backing seat with anvil

,|| Tungsten gasket

Backing seat with anvil
Guide pin

Lower plate

Microscopic sample D|amond anV|Is Anvil cell

OPTICAL ANVIL CELLS

e access to multi-GPa pressures and high temperatures

e wide EM capabilities (visual monitoring, spectroscopy)
e nL (100 microns) loads: metastability, loading problems
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Optical anvil cells: the H,0-CO, system
A new solid: the carbonic acid monohydrate

H,O(VID)+CO(I)+S3
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New melting curves in the H,0-CO, system H,CO; monohydrate



[AMERICAN JOURNAL OF SCIENCE, VOL. 317, NOVEMBER, 2017, P. 967-989, DOI 10.2475/09.2017.01]

American Journal of Science

NOVEMBER 2017

THE WATER-CARBON DIOXIDE MISCIBILITY SURFACE TO 450 °C
e AND 7 GPa

EVAN H. ABRAMSONT, OLIVIER BOLLENGIER, and J. MICHAEL BROWN

Figure 4. Photomicrograph of crystals growing from a water-CO, fluid at 240°C and 6.5 GPa. Crystals “a” and
“b” are both of phase S3 and were observed to fall through the fluid. At first “b” was clear, but then abruptly

darkened, presumably as trapped fluid (non-stoichiometric relative to S3) precipitated crystallites of the
H,0O(VII)-S3 eutectic. Crystals “c” are H,O(VII) which floated up through the fluid.

SCIENTIFIC REP{%}RTS

oFEN Water-carbon dioxide solid phase
_equilibria at pressures above 4 GPa

E. H. Abramson(, O. Bollengier & J. M. Brown




Optical anvil cells: the H,0-CO, system
Summary

ANVIL CELL EXPERIMENTS

e access to large PT range

e phase equilibria and spectroscopy (X-ray, Raman...)
e new isotopic determination of loads

THE H,0-CO, SYSTEM

e solubility surface: high antifreeze potential for water ices
e carbonic acid monohydrate: carbon storage above 4 GPa
e change of speciation: H,CO5; dominant at high pressures?

[Abramson et al. 2017a, 2017b, 2018]
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Journaux et al. 2013
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Applications of thermodynamics to deep oceans in large icy moons
* Density

* Temperature

* Tidal dissipation

* Magnetic induction

* Seismic propagation



conductive, k=D/T > T( ):T;/sz(}—z/zb
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Callisto
Vance et al. 2017; also Vance et al. 2014



PlanetProfile

github.com/vancesteven/PlanetProfile

Vance et al. 2017, JGR.
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Ice |

Ice VI

Mol* = 0.338 (sic)
(previous talk by Sotin showed 0.3318)
prockN2900 kg m-3

Vance et al. 2017, JGR.

Mitri et al. 2014
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Tidal Dissipation

Contributed by
Gabriel Tobie and
Shunichi Kamata

Vance et al. 2017 JGR
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Seismology of Icy Ocean Worlds  [eERE:

Ice qyakes..
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Europa’s ice is young and geologlcally active
Vance et al. 2018 Astrobiology

How might an ocean world sound?




Seismic Models
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Sensing the mantle and ice
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Sensing the mantle and ice

P-wave from the
water creates interface

wave (Scholte wave)
at the sea-floor




Each Ocean World Has a Unique Seismic Signature

Stahler et al. 2018, JGR.
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Each Ocean World Has a Unique Seismic Signature
Stahler et al. 2018, JGR.
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Conclusions
* Deep oceans expand the parameter space of possible

ocean properties

* Thermodynamics and forward models enhance the
science return from spacecraft missions

/\LS Ice |

Ice VI

3x magnification {) /
Enceladus  TitanV¥s



W astrobiology

Farth & Space Sciences &

7 0
Support: =%, >

* NASA Outer Planets Research, Solar System Workings,
Habitable Worlds, NASA Astrobiology Institute: lcy Worlds, Titan

« Tokyo Institute of Technology, Earth-Life Science Institute

/

‘ x- I |
El'HzUrichf??-‘ v

(@ \@ EARTH-LIFE
ELSID .
J ELSI
e |
ﬁ N\ =D
==Y W’ Network
-~

« LPG Nantes, OASIS

.

; % 5 California hnology
x
\ . €
. >

gy Worlds

jN‘“l”?fé“’crd()»biology at the Water-Rock Interface s

Jet Propulsion Laboratory
California Institute of Technology|

UNIVERSITE DE NANTES



1 600 I I I I I T T T I

Tidal Dissipation w7 -
|
1200 - | _
LI
1000 - | .
g T e == =
2 "g 800 - \\ .
gij =21 (w)&jj + [KE — ;ﬁ(w)}gkk&], 3 \
) 600 | | ]
where L —
2.2 2 |
() = FET . HEON 400 | \ 1
PE+ @I g+ oty \\
200 \ .
Tobie et al. 2006 E u ro p a | \\ | | | | |
° 0 20 40 60 80 100 120 140 160 180 200

Gs and KS (GPa)

Vance et al. 2017 JGR




Tidal Dissipation _°°

Contributed by

Gabriel Tobie and

Shunichi Kamata
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Acceleration Spectral density [m/s2/vVHz]

Can we hear it?
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Project OASIS: Organic and Aqueous Systems in Icy Satellites

OASIS strategy: Combining experimental and OASIS consortium (PI. G. Tobie)

: . , France: LPG (Nantes), ISTerre
modeling approaches to provide constraints on (Grenoble), CRPG (Nancy): Czech Rep.:

the aqueous alteration processes occurring Charles Univ. (Prague); Germany: Univ.
inside icy worlds from their accretion to present. Heidelberg; US: JPL-Caltech (Pasadena),

Univ. Washington (Seattle), ASU (Tempe)

High pressure

OASIS

Experimentation

Numerical modeling

Enceladus




Phase diagram for agueous magnesium sulfate (MgSO,)
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Thermochemistry of H,0(s)-MgS0O4(aq)

‘”1%120 = /,LZZO in equilibrium ‘ui[zO from Choukroun and Grasset 2010
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Eutectic composition vs pressure
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Constraint on depth to silicate mantle, size of Fe-FeS core

Calculate radii from Galileo
constraints on Ganymede’s density
(1,942+4.8 kg/m3) and

gravitational moment of inertia An
(C/MR2 =0.3105+0.028) Mo = M — My.0 — — 0. (RS, — RS

Schubert+ 2004 0 = 5P (it = Biron)

Riron = (M — Mu,0 — %"PsuRia)l/ ’

o 4:?ﬂ-(pzro'n, - psz’l)
8w
/ C = CHzo + E (psz'l (Rgz'l - R?ron) + pz’ronR?ron)
PFePFeS — 7,030

Ganymede

Piron =
" Xres(PFe — Pres) + Pres

Prsilicate — 39125 kg l’Il'3

Vance, Bouffard, Choukroun, and Sotin, 2014.



Thermal model constrains Ganymede’s internal structure
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Salinity determines cryosphere structure
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Tidal Dissipation _°°
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Concentrated MgSO, solutions are
convectrvely stable under hrgh pressure ices
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Modified from Vance and Brown 2013.



